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This goal of this project was to perform feasibility experiments and measurements of the
fundamental interactions between hydrogen and single wall carbon nanotubes (SWNT) at
high pressures.  High-pressure is an adjustable experimental parameter for tuning
interaction strengths, thereby elucidating and providing insights into the fundamental
nature of the H2/SWNT system.  We have developed and utilized systems and
methodologies to make x-ray scattering, optical spectroscopic and electrical transport
measurements.  These activities have been productive in demonstrating capabilities and
measuring properties of SWNTs under high-pressure conditions.  We have also
developed strong cooperative and complementary relationships with academic research
colleagues at Stanford University.  Building on these results and relationships, we hope to
continue and expand our research as co-investigators in a joint Harvard-LLNL-Stanford
proposal to the DOE “Grand Challenge” for Basic and Applied Research in Hydrogen
Storage (Solicitation # DE-PS36-03GO93013).

Hydrogen storage is an active research topic with important basic science implications
and a crucial enabling technology for advanced energy systems. Measurements of the H2
storage capacity indicate that it may achieve or exceed the storage capacity level (6.5 wt-
%) mandated by the DOE hydrogen plan for fielding a hydrogen-fueled vehicle.  The
H2/SWNT system has been the subject of intensive study and controversy regarding this
storage capacity, with various conflicting measurements ranging from 1 wt-% up to
values exceeding 7 wt-%[1-5].  The mechanism and details of the hydrogen storage in
SWNT systems is poorly understood and several key questions have not been definitively
determined including:

• importance of SWNT structural parameters (tube length, diameter, end
termination, bundling)

• adsorption sites, mechanism, and binding energy
• optimal storage capacity and conditions

This project sought to demonstrate techniques to address these key issues using high-
pressure methodologies.  Applying high-pressure conditions leads to an enhancement of
the interaction between the hydrogen and the SWNTs.  We use this capability in
combination with optical, x-ray and electrical transport diagnostics to study the lattice
parameters, vibrational energies, and electrical properties of hydrogen, SWNTs and the



H2/SWNT system.  Additionally high-pressure/low-temperature conditions allow us to
immerse SWNT samples in liquid hydrogen, thereby maximizing the hydrogen uptake.
Specifically, we directed efforts at developing a high-pressure cell for electric transport
measurements, a cryostat for loading liquid hydrogen and optical studies SWNTs in high-
pressure diamond anvil cells (DACs), and x-ray scattering experiments to measure
SWNT structural and packing parameters.

SWNTs have a broad range of properties depending on the details of the nanotube wall
structure.  These differences are manifested in not only different tube diameters, but also
differences in electrical (insulting, semiconducting, metallic) and optical properties[6].
Briefly, SWNTs can be thought of as a sheet of hexagonal carbon that is rolled to form a
seamless tube and capped at each end with a fullerene hemisphere.  Carbon nanotubes are
characterized by two parameters, which describe the dimensions of the sheet, as shown in
figure 1.

Figure 1.  Single Wall Carbon Nanotube parameters.  Left:  Graphene sheet
showing section (OBB’A) to be rolled into tube.  m,n are the classification
parameters.  Right:  examples of tubes, parameters, and common names for
classes of parameters.  Images adopted from Saito[6].

Changes in the electrical properties of SWNTs under pressure suggest them as possible
sensors.  Such measurements also serve as an important test of theoretical modeling
capabilities[7].  We developed and used a high-pressure vessel to study these properties.
The vessel is operates at pressures of up to 50,000 psi (~3500 atmospheres), and
incorporates electrical feed-throughs for measurements of SWNT-devices under pressure.
A schematic diagram and image of the device is shown in figure 2.



     
Figure 2.  High-Pressure Cell for electrical measurements.  Left: Schematic
Design.  Right:  Cell at LLNL in laboratory with associated instrumentation
(pressure intensifier, I-V meter, computer control).

Prof. Dai and his research group at the Stanford University Chemistry Dept. are
recognized leaders in nanoscience and are able to grow a single carbon nanotube between
two electrical contacts.  In cooperation with his group we studied the I-V electrical
properties of single carbon nanotube devices under pressure.  These studies are ongoing,
but beyond the importance of pressure, studies include the response to different gases.
These studies demonstrate the capability of these single carbon nantoube devices as
pressure sensors and can validate theoretical modeling efforts and predictions regarding
the pressure-dependent electrical properties of SWNTs.

We made x-ray crystallographic studies of SWNTs in high-pressure DACs using
synchroton x-ray scattering techniques.  Representative x-ray scattering patterns are
shown in figure 3.  Through our experiments and techniques, we were able to measure
structural parameters, such as the lattice constants, of SWNT samples.  X-ray
crystallographic studies of SWNTs are quite sparse because of the low x-ray scattering
efficiency of carbon.  Our work establishes the ability to measure lattice and structural
properties of SWNTs in a DAC.  SWNTs are known to crystallize in hexagonal bundles
or ropes.  Our work confirms and is in good agreement with previous studies[8-10].
Having demonstrated the feasibility of such measurements, we have a strong basis for
extending these measurements to high pressures.
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Figure 3.  Our x-ray scattering spectra of SWNTs.  Peaks are clearly discernible
but weak due to technical challenges of x-ray scattering from carbon, a poor
scattering low-Z material.

A unique approach of our work is the capability to expose SWNTs to hydrogen at high
densities in order to maximize the interaction and uptake.  This required development of
a cryogenic capability to cool down the cell and load SWNTs in a DAC sample chamber
with liquid hydrogen.  We implemented this capability and integrated it with an optical
spectroscopic measurement system.  A photograph of this system is shown in figure 4.

Figure 4.  Cryogenic loading system developed and installed at LLNL.  Cryostat
is the cylindrical silver object near the center.  Optical, vacuum and computer
control systems are also shown.



With this system we can measure the pressure and the Raman-active excitations of the
SWNTs in the presence of high-density hydrogen.  These measurements reflect changes
in the molecular environment of the hydrogen and SWNTs, which one would expect if
significant binding occurs between these two components.  Establishing this capability
was a crucial step in demonstrating our capability to perform meaningful and unique
studies of the SWNT/Hydrogen system.

The goals of this project have been achieved.  We have developed unique capabilities and
demonstrated them in the study of SWNTs.  These unique capabilities include
measurements of the electrical properties of single SWNTs at high pressures and a
cryogenic capability for subjecting SWNT to high-density hydrogen.  We made measured
x-ray diffraction from SWNTs in a DAC and demonstrated our ability to measure
structural parameters of these microscopic, low-scattering samples.  Our studies of the
electrical properties of SWNTs are ongoing and upon completion we plan to publish
these results in a peer-reviewed journal.  These activities have served us well in
demonstrating our capabilities and developing collaborative relationships, which should
support our submission of a joint Harvard-LLNL-Stanford proposal to the DOE “Grand
Challenge” for Basic and Applied Research in Hydrogen Storage (Solicitation # DE-
PS36-03GO93013).
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